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We use high-resolution cosmological hydrodynamic galaxy formation
simulations to gain insights on how galaxies lose their cold gas at low
redshift as they migrate from the field to the high density regions of
clusters of galaxies. We find that beyond three cluster virial radii,
the fraction of gas-rich galaxies is constant, representing the field.
Within three cluster-centric radii, the fraction of gas-rich galaxies
declines steadily with decreasing radius, reaching < 10% near the
cluster center. Our results suggest that galaxies start to feel the
impact of the cluster environment on their gas content well beyond
the cluster virial radius. We show that almost all gas-rich galaxies
at the cluster virial radius are falling in for the first time at nearly
radial orbits. Furthermore, we find that almost no galaxy moving
outward at the cluster virial radius is gas-rich (with gas to baryon
ratio greater than 1%). These results suggest that galaxies that fall
into clusters lose their cold gas within a single radial round-trip.
cosmology | observations | large-scale structure of Universe | intergalactic
medium | clusters of galaxies
Significance Statement
Observations show that galaxies located in dense environments
such as clusters of galaxies are mostly dominated by an old
stellar population with little or no star-formation nor cold gas.
This effect is likely caused by ram-pressure stripping of the gas
in galaxies as they travel with high speed through the hot intr-
acluster gas that permeates all clusters. But where and when
do galaxies start losing their cold gas? What are their trajec-
tories and how long does it take them to lose their gas? In
this paper, we use high-resolution cosmological simulations to
investigate these questions of how galaxies lose their cold gas
as they fall into clusters of galaxies.
INTRODUCTION
It has long been known that the local environment affectsgalaxy properties. Earlier work [1, 2, 3, 4] showed that the
fraction of early-type galaxies increases dramatically towards
the central regions of clusters of galaxies, while the less dense
regions of the field are dominated by spiral galaxies. Similarly,
the ”color-density relation” [5, 6, 7, 8] indicates that red, old
galaxies are found preferentially in over-dense environments,
while galaxies with bluer, younger stellar populations are more
common in the field. This color bimodality is linked to a tran-
sition in star formation rates between the low-density field and
the high-density regions inside clusters [9, 4]. Nevertheless,
we still do not have a complete picture of the process through
which blue, late-type, star-forming galaxies in the field trans-
form into red, early-type galaxies when entering a cluster. We
know that cold gas in galaxies is spatially extended and often
distributed far beyond the optical disks [10]. Cosmologically,
some of the cold gas that feeds galaxy formation may come
from the intergalactic medium [11, 12]. Observations suggest
that neutral hydrogen feeds galaxies and turns into molecu-
lar hydrogen at a high column density of ∼ 1022cm−2 [13]
within which star formation is observed to occur. Together,
these facts suggest that the amount of neutral hydrogen supply
may ultimately set the rate of star formation. The environ-
mental dependence of galaxy properties may thus be related
to the availability of cold gas in or around galaxies. This
expectation is supported by observations of galaxies in differ-
ent environments showing the well-known depletion of both
cold gas and star-formation towards the high-density central
regions of clusters; this is likely caused by ram-pressure strip-
ping of the cold gas by the hot intracluster medium (plus ad-
ditional gravitational interactions) in the dense environments
(see e.g., [14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24], and refer-
ences therein). Recent detailed observations of on-going gas
depletion from galaxies in clusters are presented by the VLA
survey of HI in Virgo galaxies showing long tails of stripped
gas behind galaxies, where the gas clumps in the tails are
accelerated by ram-pressure, leaving behind streams of new
stars [24, 22]. Long tails of HI and ionized gas are observed in
galaxies in several nearby clusters, consistent with the above
picture (e.g., [21, 22, 25, 26, 27]).
In this study, we utilize an Adaptive Mesh Refinement
(AMR) cluster simulation to investigate where galaxies lose
their cold gas (T < 3 × 104K) as a function of their dis-
tance from the cluster center, as well as the orbital trajec-
tories of these galaxies. The physical processes responsible for
the transition of the blue, late-type, star-forming galaxies into
red, early-type galaxies when falling into clusters depend on
the local density of the environment, and in return they are re-
lated to the radial distance from the cluster center. Therefore,
the radial distribution of gas-rich galaxies from the innermost
regions of clusters and up to several virial radii away from
the cluster center can provide important information about
galaxy evolution and the density-morphology relation. We
also study the distribution of velocity orientations for gas-rich
galaxies and for the general galaxy population since the effi-
ciency of the processes driving galaxy evolution may depend
on the orbital trajectories of these galaxies and the time they
spend traversing the cluster before losing all their gas. While
we focus on the questions of where and when galaxies lose
their cold gas, and what the trajectories of the infalling galax-
ies are, our analysis is consistent with ram pressure stripping
playing a major role in removing the cold gas from galaxies
([28, 29, 30, 31, 22, 23], and references therein). Gravitational
interactions [32] may provide additional contributions to the
gas dispersal or removal. We discuss this in a more detailed
analysis presented in [33] where we demonstrate that hydro-
dynamic processes such as ram-pressure stripping play a dom-
inant role in affecting cold gas content in galaxies, although
the effectiveness of gas removal by ram pressure stripping is
strongly dependent on the internal properties of galaxies.
Reserved for Publication Footnotes
www.pnas.org/cgi/doi/10.1073/pnas.0709640104 PNAS Issue Date Volume Issue Number 1–6
ar
X
iv
:1
40
5.
05
37
v1
  [
as
tro
-p
h.G
A]
  2
 M
ay
 20
14
i
i
“PNAS˙Cen˙Ana˙Neta2014” — 2014/5/6 — 0:25 — page 2 — #2 i
i
i
i
i
i
SIMULATIONS
Hydrocode and Simulation Parameters. We perform cosmo-
logical simulations with the adaptive mesh refinement (AMR)
Eulerian hydro code Enzo [34, 35]. Our simulations feature the
largest sample of galaxies in a fully cosmological setting with
sufficient resolution to study gas removal, and they include
the most detailed physical processes as discussed below. This
enables a greatly improved understanding of the gas loss be-
haviour. It is useful to compare with some relevant previous
work on this subject. In [36], N-body simulations are com-
bined with semi-analytic treatments of hydrodynamic effects.
A significant advantage of their work is a very large cosmolog-
ical volume, hence a large sample of clusters, but with a signif-
icant drawback due to the less realistic treatment for the gas.
In [37], high resolution hydrodynamic simulations are used to
investigate ram-pressure stripping for a variety of conditions.
Nevertheless, their setup for both the structure of galaxies
being stripped and the intra-cluster medium are highly ideal-
ized. Procedure-wise, we first run a low resolution simulation
with a periodic box of 120h−1Mpc (comoving) on a side. We
identify a region centered on a cluster of mass ∼ 3× 1014 M
at z = 0. We then resimulate with high resolution the cho-
sen region embedded in the outer 120h−1Mpc box to properly
take into account the large-scale tidal field and appropriate
boundary conditions at the surface of a refined region. The
refined region has a comoving size of 21 × 24 × 20h−3Mpc3
and represents a +1.8σ matter density fluctuation on that vol-
ume. The dark matter particle mass in the refined region is
1× 108h−1 M. The refined region is surrounded by two lay-
ers (each of ∼ 1h−1Mpc) of buffer zones with particle masses
successively larger by a factor of 8 for each layer, which then
connects with the outer root grid that has a dark matter par-
ticle mass 83 times that in the refined region. We choose
the mesh refinement criterion such that the resolution is al-
ways smaller than 458h−1pc (physical), corresponding to a
maximum mesh refinement level of 11 at z = 0. An identi-
cal comparison run that has four times better resolution of
114pc/h and eight times better mass resolution (dark mat-
ter particle mass of 1.3 × 107h−1 M) was also run down to
z = 0.7 and relevant comparisons between the two simulations
are made to understand effects of limited resolution on our re-
sults. The simulations include a metagalactic UV background
[38], and a model for shielding of UV radiation [39]. They
also include metallicity-dependent radiative cooling [40]. Our
simulations solve relevant gas chemistry chains for molecular
hydrogen formation [41], molecular formation on dust grains
[35], and metal cooling extended down to 10K [42]. Star par-
ticles are created in cells that satisfy a set of criteria for star
formation proposed by [43]. Each star particle is tagged with
its initial mass, creation time, and metallicity; star particles
typically have masses of ∼ 106 M.
Supernova feedback from star formation is modeled follow-
ing [39]. Feedback energy and ejected metal-enriched mass are
distributed into 27 local gas cells centered at the star particle
in question, weighted by the specific volume of each cell, which
is to mimic the physical process of supernova blastwave propa-
gation that tends to channel energy, momentum and mass into
the least dense regions (with the least resistance and cooling).
The primary advantages of this supernova energy based feed-
back mechanism are three-fold. First, nature does drive winds
in this way and energy input is realistic. Second, it has only
one free parameter eSN , namely, the fraction of the rest mass
energy of stars formed that is deposited as thermal energy on
the cell scale at the location of supernovae. Third, the pro-
cesses are treated physically, obeying their respective conser-
vation laws (where they apply), allowing transport of metals,
mass, energy and momentum to be treated self-consistently
and taking into account relevant heating/cooling processes at
all times. We allow the entire feedback processes to be hydro-
dynamically coupled to the surroundings and subject to rele-
vant physical processes such as cooling and heating. The total
amount of explosion kinetic energy from Type II supernovae
with a Chabrier initial mass function (IMF) is 6.6×10−6M∗c2
(where c is the speed of light), for a mass M∗ of star formed.
Taking into account the contribution of prompt Type I super-
novae, we use eSN = 1×10−5 in our simulations. Observations
of local starburst galaxies indicate that nearly all of the SF
produced kinetic energy is used to power galactic superwinds
[44]. Supernova feedback is important primarily for regulating
SF and for transporting energy and metals into the intergalac-
tic medium. The extremely inhomogeneous metal enrichment
process demands that both metals and energy (and momen-
tum) are correctly modeled so that they are transported in a
physically sound way (albeit still approximate at the current
resolution).
We use the following cosmological parameters that are
consistent with the WMAP7-normalized [45] ΛCDM model:
ΩM = 0.28, Ωb = 0.046, ΩΛ = 0.72, σ8 = 0.82, H0 =
100h km s−1Mpc−1 = 70 km s−1Mpc−1 and n = 0.96.
Simulated Galaxy Catalogs. We identify galaxies in our high
resolution simulations using the HOP algorithm [46] operating
on the stellar particles; this algorithm is tested to be robust
and insensitive to specific choices of parameters within reason-
able ranges. Galaxies above a mass of ∼ 1010 M are clearly
identified in our simulation. The luminosity of each stellar
particle is computed for each of the Sloan Digital Sky Survey
(SDSS) five bands using the GISSEL stellar synthesis code
[47], by supplying the formation time, metallicity and stellar
mass. Collecting luminosity and other quantities of member
stellar particles, gas cells and dark matter particles yields the
following physical parameters for each galaxy: position, veloc-
ity, total mass, stellar mass, gas mass, mean formation time,
mean stellar metallicity, mean gas metallicity, star formation
rate (SFR), luminosities in five SDSS bands (and related col-
ors), and others. At redshift z = 0, we identify 14 groups and
clusters of mass 1013 M to 3× 1014 M, which are the ”clus-
ters” in the subsequent analysis. At a spatial resolution of
456pc/h (physical) with thousands of well resolved galaxies at
z ∼ 0−6, the simulated galaxy catalogs represent an excellent
tool to study galaxy formation and evolution.
RESULTS
Radial Distribution of Gas-Rich Galaxies. Figure 1 shows the
fraction of gas-rich galaxies as a function of the cluster-centric
distance in units of the virial radius of the cluster, where the
virial radius rvir = r200 is defined as the radius within which
the mass overdensity is 200 times the critical density. We
consider two redshift ranges, z = 0 − 0.4 (red curves) and
z = 0.45−0.8 (blue curves), as well as two different thresholds
in the gas to total baryon ratio: g/b > 0.01 (dashed curves)
and g/b > 0.1 (solid curves). This g/b ratio is defined to be
the cold (T < 3× 104K) gas-fraction relative to total baryons
in galaxies within their r200. As we can see in Figure 1, the
fraction of gas-rich galaxies beyond three virial radii of the
cluster approaches a constant value for both thresholds in gas
to total baryon ratio. A clear trend is observed inward of 2−3
cluster virial radii: the fraction of gas-rich galaxies decreases
monotonically with decreasing cluster-centric distance. This
trend is in good agreement with observations that the HI gas
depletion increases with decreasing cluster-centric distance in-
ward of about two virial radii [15, 48, 18, 49, 20, 50, 51, 52, 24].
2 www.pnas.org/cgi/doi/10.1073/pnas.0709640104 Footline Author
i
i
“PNAS˙Cen˙Ana˙Neta2014” — 2014/5/6 — 0:25 — page 3 — #3 i
i
i
i
i
i
Intriguingly, observations indicate that the distribution of star
formation rates of cluster galaxies begins to change, compared
with the field population, at a clustercentric radius of ∼ 3
virial radii. This effect with clustercentric radius is most no-
ticeable for strongly star-forming galaxies [9]. Since cold gas is
the fuel for star formation, our finding for the cold gas depen-
dence on cluster-centric distance provides a natural physical
explanation for the observed trend of galaxy properties as a
function of environment.
It is prudent to perform a numerical convergence test on
the relevant results obtained above. In Figure 2 we show
a comparison between our fiducial run “CZ3” and a higher
resolution run “C15” (4 times better resolution), at redshifts
z = 0.7− 0.8 and g/b > 0.01. While an absolute agreement is
not expected, the results are encouraging and self-consistent.
In the higher resolution run “C15”, star formation in smaller
galaxies (Mh ≤ 1010 M) is much better captured than in
“CZ3”. Thus, more gas is converted into stars in these sys-
tems, and star formation begins at earlier times in “C15” than
in “CZ3”. As a result, we expect the absolute amount of cold
gas around galaxies at low redshift in “C15” to be lower than
in “CZ3”, as is indeed seen in Fig. 2. Nevertheless, the same
trend is observed in both runs: there is a monotonic decrease
in the fraction of gas-rich galaxies with decreasing cluster-
centric distance within 2 − 3 rvir of the cluster center, and
there is a flattening in the gas fraction at larger radii.
Observations suggest that the gas-fraction in galaxies, ob-
served as MHI/M?, decreases with their stellar mass M?
(and/or their halo mass), and with the mass of the cluster
in which they are located ([52, 53], and references therein).
The trend of Mgas/M∗ in our simulations is found to be con-
sistent with the observed decrease of galactic gas-fraction with
increasing galaxy mass as well as with increasing cluster mass.
We find that the Mgas/M∗ trend versus M∗ is not limited to
the cluster environment but it is also seen outside of clusters.
These results are to be presented elsewhere.
Trajectories of Infalling Gas-Rich Galaxies. We examine two
additional questions: What are the orbits of gas-rich galaxies
in and around clusters? How long does it take for the gas-
rich galaxies to lose gas upon entering a cluster? Figure 3
shows histograms of gas-rich galaxies as a function of their
radial velocity (in units of the cluster virial velocity), for four
radial ranges at z = 0 − 0.4. Infalling galaxies are defined
to have negative radial velocities, whereas outgoing galaxies
have positive radial velocities. It is seen that in the radial
range (1− 1.5)rvir (top-left panel) gas-rich galaxies preferen-
tially have negative velocities with an amplitude peaking at
about unity (vr/vvir ∼ 1), which should be compared to the
general galaxy population that displays a nearly symmetric
distribution peaked around zero. It is also interesting to note
that there are nearly no gas-rich galaxies with positive veloci-
ties (i.e. there are no outgoing gas-rich galaxies; only infalling
galaxies can be gas-rich). Examination of the other three pan-
els indicates that the gas-rich galaxies’ tendency for negative
velocities persists through the radial range (0.5− 1)rvir (top-
right panel), then decreases between (0.25− 0.5)rvir (bottom-
left panel), and finally disappears in the innermost radial range
(0 − 0.25)rvir. Note that 0.25 rvir corresponds to about
300 − 400h−1kpc, which is expected to be well resolved by
our simulations. Taken together, we conclude that gas-rich
galaxies tend to enter the cluster in radial infalling orbits, and
they continue to lose their gas until about 0.25 rvir; within
. 0.25 rvir of the cluster center their velocities are “random-
ized” and their gas has been lost. Most gas-rich galaxies, once
entering the cluster virial radius, do not come back out gas-rich
with outgoing radial velocities at radii larger than 0.25 rvir.
Figure 4 shows histograms of gas-rich galaxies with respect
to cos(θ) for four radial ranges at z = 0 − 0.4. The angle
θ is measured between the velocity vector and the position
vector of a given galaxy, thus cos(θ) = −1 corresponds to a
velocity vector pointing exactly towards the center of the clus-
ter, while cos(θ) = 1 corresponds to a velocity vector pointing
away from the center of the cluster. In accord with the results
shown in Figure 3, we see that gas-rich galaxies tend to be
infalling with cos(θ) close to −1, which is most clear in the ra-
dial range (1− 1.5)rvir (top-left panel), but still visible up to
(0.25−0.5)rvir (bottom-left panel). In the (0−0.25)rvir range
(bottom-right panel) the distribution of gas rich galaxies has
become symmetric.
Our conclusion that most gas-rich galaxies enter the cluster
on radial infalling orbits (Figures 3 and 4) is supported by
the 2-sample Kolmogorov-Smirnov (KS) test results reported
in Table 1. We use the KS test to compute the probabil-
ity that the distributions of gas-rich galaxies and the general
population of galaxies as a function of vr and cos(θ) would
appear as disparate as they are in our simulation if they were
drawn from the same underlying parent distributions, for 4
different cluster-centric radial ranges: 0 − 0.25, 0.25 − 0.5,
0.5 − 1.0, 1.0 − 1.5 rvir. At cluster-centric distances greater
than 0.25 rvir, the KS test yields very low P-values for both
the distributions in radial velocities (vr) and velocity orienta-
tions (cos(θ)). For instance, the KS test for the distributions
of radial velocities (Figure 3) indicates that the hypothesis
that the sample from the general galaxy population and the
sample of gas-rich galaxies (gas fraction > 10%) have the same
underlying parent distribution has a probability of 4 × 10−13
for 1 − 1.5 rvir, 2 × 10−10 for 0.5 − 1 rvir, and 9 × 10−3 for
0.25−0.5 rvir. Thus, the KS test confirms that gas-rich galax-
ies on the outskirts of clusters fall in on radial orbits.
The results presented in Figure 3 and Figure 4 are con-
sistent with observations. For example, recent observations
of 23 groups of galaxies by Rasmussen et al. [51] find di-
rect evidence for a suppressed star-formation rate in mem-
ber galaxies out to scales of ∼ 2 r200, in agreement with
the simulations results described above. Similar observations
suggesting a suppressed star formation rate and/or increased
gas depletion up to ∼ 2 − 3 r200 in clusters are presented by
[48, 54, 9, 55, 56, 49, 50, 57], and references therein. In addi-
tion, galaxies near the virial radius of the Virgo cluster tend to
have long one-sided H I tails pointing away from M87 [21], sug-
gesting that these galaxies are falling in on radial trajectories
(see [22] for a detailed analysis). Similar results are observed
for the Coma cluster [25], where a 65 kpc tail is seen in the
member galaxy NGC 4848 suggesting ram-pressure stripping
on radial infall of the galaxy on its first passage through the
cluster. Long tails of HI gas and ionized gas are also observed
in the cluster Abell 1367, revealing galaxies in the process of
being stripped-out of their gas [26, 27]. Kenney et al. [24]
provide a detailed observational study of the transformation
of a Virgo cluster dwarf irregular galaxy into a dwarf elliptical
by ram-pressure stripping; the observations show a long tail of
gas clumps being accelerated by ram-pressure and leaving be-
hind streams of new stars, nicely consistent with ram-pressure
stripping by the intracluster gas. To our knowledge, there is
no observed galaxy that has a gas tail pointing toward the
center of a cluster.
Observations also suggest that late-type galaxies have
slightly more radial orbits than early-type galaxies [58, 59,
60, 61], consistent with the results presented here. Our results
indicate that gas-bearing galaxies in clusters outside 0.25 rvir,
should have been accreted within a time-frame that is shorter
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than the cluster dynamical time, because otherwise they would
have lost their gas. This is consistent with the observational
evidence in [25] and with the gas-bearing early-type dwarf
galaxies in the Virgo cluster [62]. Galaxies appear to be falling
into groups and clusters on radial orbits, and lose their gas
within one travel time through the cluster center.
CONCLUSIONS
We use cosmological hydrodynamic adaptive mesh refine-
ment simulations to examine the properties of galaxies in and
around clusters and groups of galaxies at redshifts z = 0−0.8.
We investigate more than 10, 000 galaxies of masses greater
than 1010 M, resolved at a resolution of 0.456 kpc/h. We
focus on finding the radial distribution of gas-rich galax-
ies around 238 clusters/groups of total masses greater than
1013 M, in order to learn where and when galaxies lose their
cold gas at low redshift as they migrate from the field to the
high density regions of clusters of galaxies. Our conclusions
are summarized below.
(1) We find that beyond three virial radii from the center of
the cluster, the fraction of galaxies rich in cold gas is nearly
constant, i.e., approaching the field regions.
(2) Within three cluster-centric virial radii, the fraction of
galaxies rich in cold gas decreases steadily with decreasing ra-
dius, reaching < 10% near the cluster center. Our results thus
indicate that the cluster environment has a strong impact on
the cold gas content of infalling galaxies up to distances as
large as three virial radii from the cluster center.
(3) We find that nearly all galaxies rich in cold gas at the
virial radius of a cluster fall into the cluster for the first time
on nearly radial orbits; at distances greater than one virial ra-
dius from the cluster center, we find almost no gas-rich galax-
ies (with cold gas to baryon ratio greater than 1%) that are
moving outward with positive radial velocities.
(4) These results suggest that galaxies that fall into clusters
lose their cold gas within a single radial round-trip around the
center of the cluster.
The results obtained above are in broad agreement with ex-
tant observations and provide useful insight on the relationship
between cold gas content and star formation, and the observed
dependence of galaxy properties on the local environment.
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Fig. 1. The fraction of gas-rich galaxies as a function of cluster-centric distance in units of the virial radius (rvir = r200) of the cluster at two redshift ranges,
z = 0 − 0.4 (red curves) and z = 0.45 − 0.8 (blue curves) in the simulation. For each redshift range, we present two thresholds for the gas to total baryon ratio:
g/b > 0.01 (dashed curves) and g/b > 0.1 (solid curves). The galaxies in the sample have stellar masses> 1010 M and the clusters all have total masses> 1013 M.
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Fig. 2. Numerical convergence test comparing the “CZ3” run (in blue) with the higher resolution run “C15” (in red), for redshifts z = 0.7 − 0.8 and g/b > 0.01.
In both runs we observe a decrease in the fraction of gas-rich galaxies with decreasing cluster-centric distance starting at ∼ 2− 3 rvir of the cluster center. The error bars
indicate Poisson statistical errors.
Table 1. Table of D-statistic and P-values obtained from KS 2-sample tests
performed for the data presented in Figures 3 and 4. We find very low proba-
bilities that the distribution of gas-rich galaxies and respectively the distribution
of the general galaxy population would be as disparate as they appear, if they
were drawn from the same parent distribution
Distance Range Gas Fraction D-statistic P-value
vr 0− 0.25 Virial Radius gasbaryons > 10% 0.2933 0.2022
gas
baryons
> 1% 0.09066 0.9828
0.25− 0.5 Virial Radius gas
baryons
> 10% 0.5005 9.109× 10−3
gas
baryons
> 1% 0.2920 7.126× 10−3
0.5− 1 Virial Radius gas
baryons
> 10% 0.4531 1.727× 10−10
gas
baryons
> 1% 0.2702 4.489× 10−9
1− 1.5 Virial Radius gas
baryons
> 10% 0.4228 3.589× 10−13
gas
baryons
> 1% 0.3496 3.353× 10−14
cos(θ) 0− 0.25 Virial Radius gas
baryons
> 10% 0.2740 0.2699
gas
baryons
> 1% 0.1106 0.9069
0.25− 0.5 Virial Radius gas
baryons
> 10% 0.4403 0.03082
gas
baryons
> 1% 0.2399 0.04456
0.5− 1 Virial Radius gas
baryons
> 10% 0.3987 3.219× 10−8
gas
baryons
> 1% 0.2326 7.834× 10−7
1− 1.5 Virial Radius gas
baryons
> 10% 0.3982 9.969× 10−12
gas
baryons
> 1% 0.3106 2.683× 10−11
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Fig. 3. Histograms of gas-rich galaxies as a function of the ratio of the radial velocity to the virial velocity for four radial ranges at z = 0 − 0.4: (0 − 0.25)rvir
(bottom-right panel), (0.25− 0.5)rvir (bottom-left panel), (0.5− 1)rvir (top-right panel) and (1− 1.5)rvir (top-left panel), where rvir = r200 is the virial radius
of the cluster. Infalling galaxies have negative radial velocities, whereas outgoing galaxies have positive radial velocities. For each radial range, two thresholds for the gas to
total baryon ratio are shown, g/b > 0.01 (green histograms) and g/b > 0.1 (red histograms), as well as all galaxies (purple histograms). The satellite galaxies in the sample
have stellar masses > 1010 M and the clusters all have total masses > 1013 M.
8 www.pnas.org/cgi/doi/10.1073/pnas.0709640104 Footline Author
i
i
“PNAS˙Cen˙Ana˙Neta2014” — 2014/5/6 — 0:25 — page 9 — #9 i
i
i
i
i
i
1.0 0.5 0.0 0.5 1.0
cos(θ)
0
20
40
60
80
N
u
m
b
e
r 
o
f 
g
a
la
x
ie
s
1−1.5 rvir
Infalling Outflowing
all galaxies
g/b > 0.01
g/b > 0.1
1.0 0.5 0.0 0.5 1.0
cos(θ)
0
10
20
30
40
50
60
70
80
N
u
m
b
e
r 
o
f 
g
a
la
x
ie
s
0.5−1 rvir all galaxies
g/b > 0.01
g/b > 0.1
1.0 0.5 0.0 0.5 1.0
cos(θ)
0
5
10
15
20
25
30
35
40
45
N
u
m
b
e
r 
o
f 
g
a
la
x
ie
s
0.25−0.5 rvir all galaxies
g/b > 0.01
g/b > 0.1
1.0 0.5 0.0 0.5 1.0
cos(θ)
0
5
10
15
20
N
u
m
b
e
r 
o
f 
g
a
la
x
ie
s
0−0.25 rvir all galaxies
g/b > 0.01
g/b > 0.1
Fig. 4. Histograms of gas-rich galaxies as a function of cos(θ) for four radial ranges at z = 0 − 0.4: (0 − 0.25)rvir (bottom-right panel), (0.25 − 0.5)rvir
(bottom-left panel), (0.5 − 1)rvir (top-right panel) and (1 − 1.5)rvir (top-left panel), where rvir = r200 is the virial radius of the cluster. The angle θ is measured
between the velocity vector and the position vector of a given galaxy, thus cos(θ) = −1 corresponds to a velocity vector pointing exactly towards the center of the cluster,
while cos(θ) = 1 corresponds to a velocity vector pointing away from the center of the cluster. For each radial range, two gas to total baryon ratio thresholds are shown,
g/b > 0.01 (green histograms) and g/b > 0.1 (red histograms), as well as all galaxies (purple histograms). The satellite galaxies in the sample have stellar masses
> 1010 M and the clusters all have total masses > 1013 M.
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